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Abstract 

 

Temperature can be a factor that affect any kind of system so measuring and predicting temperature 

is necessary for stable system. In bio-signal acquisition or artificial viscera, body is vulnerable to heat, 

so monitoring temperature is necessary. Not only human’s body but also electronic device and chip are 

vulnerable to heat. For overheating protection applications, temperature must be monitored. In 

environmental and industrial system, temperature is important factor. For better performance and 

preventing accident, temperature must be adjusted stably. If temperature changes suddenly, we must 

observe it and adjust temperature properly. 

Method for measuring temperature is so various. In real life, people mostly use mercury thermometer. 

The characteristic of temperature dependence is utilized. However, it is hard to communicate with the 

electronic device. That’s why we need smart temperature sensor. Temperature sensor needs to be 

integrated in electronic device. 

Most of the passive devices show temperature dependency. Using that characteristic, electronic smart 

temperature sensor is invented. Resistors, BJTs, MOSFETs, diodes, are the examples. It has its pros and 

cons so selection should be considered smartly. Resistor is power effective, but it wastes area, and 

temperature dependency is poor so multi-point trimming is necessary. MOSFET is power effective, but 

its temperature dependency is poor, so we need additional technique that can compensate non-linearity. 

However, BJT still shows poor temperature dependency. 

If we observe the base-emitter voltage with change of temperature, curvature is observed. 

Nevertheless, it shows better dependency than others Generally, BJT is widely utilized as smart 

temperature sensor because of its linearity. However, it shows better performance relatively with other 

passive devices, but it still lacks accuracy and dependency. That’s why solution for reducing non-

linearity is significant. Trimming or calibration technique is needed for that problem. In circuit, 

trimming can be done with adjusting biasing current or voltage. However, it can be a burden and the 

production cost increases. Today’s trend does calibration or trimming at the back stage digitally. It gives 

simplicity and cost effective. 

Not only the sensing type but also analog circuit itself can be error source. In the layout, mismatch 

of the devices and the parasitic capacitance can degrade the performance of circuit Amplifier and 

comparator can be affected by offset. Mismatch of the current mirror can give the incorrect bias current 

ratio. To reduce these errors, many efforts are done. Many techniques are utilized in the circuit. 

Chopping can mitigate the error caused by offset. DEM(Dynamic Element Matching) can reduce the 

error of current source mismatch. Various techniques are included in this CMOS smart temperature 

sensor. 

Readout circuit as well as bias circuit is significant. Input type can be current, voltage, time, frequency. 
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Readout circuit can also be many kinds of circuits. ADC(Analog-to-digital converter), FDC(Frequency-

to-digital converter), TDC(Time-to-digital converter) can be connected to get a output. Each readout 

circuits include their own pros and cons, so we must choose the readout circuit with our expected spec. 

Calibration and trimming can be important factor in CMOS temperature sensor. It has direct 

relationship with the production cost. The more calibration and trimming is needed, the much money is 

payed. Effort to reduce calibration point or simplifying trimming is in progress. 
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Chapter 1. Introduction 

 

To begin with, CMOS smart temperature sensors show better performance compared to conventional 

temperature sensors. However, it has problem : Relatively poor accuracy. Various techniques will be 

discussed to improve accuracy. In the state of art, inaccuracy of ±0.1℃ over -40~125℃ temperature 

sensor is achieved. 

 

  In chapter 1, the motivation will be discussed. Then, basic principles of CMOS temperature sensors 

will be explained. Finally, short overview of previous work will be described. 

 

1.1 Motivation and Objectives 

 

Sensor is defined as ‘A device, module, machine, or sub-system whose purpose is to detect events or 

changes in its environment and send the information to other electronics, frequently a computer 

processor.’ There can be many things to sense environmental things. ( ex : temperature, proximity, gas, 

light, humidity etc. ) Temperature is a significant factor in many fields from simple household machines 

to complex industrial system monitoring. Temperature sensors must be integrated in coffee machine, 

heating system. For better agriculture, temperature must be adjusted within proper range. Temperature 

sensor has very large market and wide fields. So, it is important to be produced in low cost. Then, 

temperature sensor must be integrated on a single chip with other electronic devices. ‘Smart’ sensor can 

communicate with other device digitally and then difficulty will be reduced in the system. 

For low cost, smart temperature sensors are produced in CMOS technology. However, because of its 

inaccuracy, CMOS temperature sensor’s spec is worse than other kind of temperature sensors. So 

through this research, I’d like to improve the accuracy of the CMOS temperature sensor. 

, 

1.2 Basic principles 

 

As we know, many kind of electronic integrated device have temperature dependent characteristics, 

so its characteristic is utilized to sense temperature. Resistors, MOSFETs, time-delay, diodes, BJT are 

utilized as temperature sensor. Its temperature dependent output signal is analog. It is expressed as 

various type. Voltage, current, time, period, frequency can be given examples. To compare this 

temperature dependent value, we must compare it with time-independent value. 
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For temperature measurement, we need two voltages that gives information in BJT. The thermal 

voltage (Known as 
kT

q
  where k is Boltzmann’s constant, T is the absolute temperature, and q is the 

charge of an electron) is used to generate PTAT (Proportional to absolute temperature) voltage, if we 

bias two BJTs with different current ratio. Bandgap voltage is for generating temperature independent 

reference. Their ratios will be determined at the back stages. 

 

Temperature Digital temperature reading

Integrated smart temperature sensor

Analog 
front-end

ADC
Digital 

interface

Vptat

Vref

Temp

 

Figure 3.1 Block diagram of smart temperature sensor. 

 

Figure describes the operating principle of the bias stage. The PTAT voltage is generated from the 

difference in base-emitter voltage between two BJTs biased with different current ratios. If we have 

accurate and linear ratio p, we can sense the temperature more accurately. However, its sensitivity is 

small (0.1~0.25mV/K) so we must utilized signal with amplification. 

The reference voltage which is temperature independent, is called as ‘bandgap reference’ because 



10 

 

Vref is equal to the silicon bandgap voltage. The base-emitter voltage is equal to 1.2V if it is extrapolated 

to 0K, and voltage decreases by about 2mV/K. For the temperature independent voltage, we must add 

α × ∆Vbe voltage so Vref voltage is generated. 

  

 

Figure 1.2 Measurement principle of temperature 

  

 

1.3 Context of the research 

 

 Temperature sensors are composed of bias core, readout circuit, and the digital backend. Each stage 

has further works to do. First, at the bias circuit, sensing core must be chosen with the purpose of the 

temperature sensor. The BJT type is utilized broadly, but there are many efforts to modify the sensing 

core like resistor, MOSFET, delay of the inverters. With these cores, techniques which can reduce errors 

are included. 

 Second, the readout circuit can be divided into 3 types. ADC, TDC, FDC. In ADC, delta-sigma ADC 

is broadly utilized because of its high resolution and accuracy. Temperature doesn’t need to be measured 

quickly so speed is not issue. Its problem comes from the power and complexity. For delta-sigma ADC, 

many amplifiers and the decimation filter are needed so it can be a burden. For the simplicity, TDC and 

FDC are utilized. It senses the time or frequency. Its information will be converted to temperature. 
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1.4 Organizations 

 
 Researching conventional CMOS smart temperature sensor is necessary to improve the circuit design. At first, 

we have to know how we can measure temperature from the electric information. There are various ways (current, 

voltage, delay, period, frequency etc.), so explanation about conventional measurement method and proposed 

method will be discussed. 

Chapter 4 describes the proposed circuit design deeply. In order to reduce the complexity of readout, 

temperature is measured by the frequency. Conventional CMOS smart temperature sensor’s readout is composed 

of Sigma-delta ADC. Its resolution and accuracy performance is good but its complexity can be burden. Frequency 

is generated by relaxation oscillator based readout circuit. Flipping capacitor technique is added to cancel the error 

by offset. The error sources which are discussed in chapter 3 should be compensated to reduce temperature error. 

Techniques for compensating error are also discussed. 

In chapter 5, measurement results are described. At first, simulation results and the expected error will be shown. 

Then, the measurement results and the temperature error will be figured. For proving the effect of capacitor 

flipping technique, comparison chip will result will be compared with the measurement result. After that, α 

adjustment effect will be shown. 

Finally, chapter 6 makes conclusion and discuss about the further works of smart temperature sensor. It will 

review the technique and the results briefly and review the works. 
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Chapter 2. Temperature measurement principle 

 

CMOS smart temperature sensor’s output value will be digital number. To acquire digital temperature, ratio-

metric measurement must be utilized. Comparing reference voltage (Temperature independent) with PTAT voltage 

(Temperature dependent) can get the information of their ratio. With the ratio value, digital representation of 

temperature is read. 

 

2.1 Conventional temperature measurement method 

 

In chapter 1, principle of temperature measurement is discussed briefly. There are two ways to generate PTAT 

voltage which is proportional to temperature. First, if different bias current is applied with two BJTs (Successive 

current bias with different ratio with one BJT is also possible), the voltage difference is utilized as temperature 

measurement. Second, by adjusting emitter ratio can generate PTAT voltage with identical bias current. With r : 1 

emitter area ratio and 1 : p bias current ratio can generate linear ratio 1 : pr. Equation of the base-emitter voltage 

difference is proportional to temperature :  

∆Vbe =  
𝑘𝑇

𝑞
ln (

𝑝𝐼1

𝐼𝑠
) −

𝑘𝑇

𝑞
ln (

𝐼1

𝑟𝐼𝑠
) =

𝑘𝑇

𝑞
ln(𝑝𝑟) 

Is is the saturation current of BJT and I1 is the unit bias current. PTAT voltage’s term is defined with constant k 

and q, and the ratio p and r. They are temperature independent. As a result, T is temperature, so PTAT voltage has 

very accurate temperature dependency ideally. 

The sensitivity of ∆Vbe is about 0.1 ~ 0.25 mV/K (3<pr<16). We can change this sensitivity with changing 

bias current ratio or emitter area ratio. There can be trade-off with this sensitivity. Increasing sensitivity can reduce 

the burden of the readout stage (ADC, TDC, FDC). However, increasing sensitivity is done by increasing current 

ratio or increasing emitter area. Then, the complexity increases with error reduction technique. (Dynamic Element 

Matching). Proper sensitivity should be considered for circuit design. 

With PTAT voltage, CTAT voltage is needed to make bandgap reference. At 0K, extrapolated value is 1.2V and 

it decreases almost linearly.(About -1.8~2mV/K).  

𝑉𝑏𝑒 =  
𝑘𝑇

𝑞
ln (

𝐼1

𝐼𝑠
) 

Is is the saturation current and I1 is the bias current. However, CTAT voltage shows worse performance than 

PTAT voltage. If we observe CTAT term, non-ideal parameter is observed. Is and I1. Because of processing spread, 

variation of I1 and Is will be error source. Compensating this non-linearity technique will be discussed later. 

Trimming, calibration is well-known method. The non-linearity error shown in CTAT voltage is called ‘curvature 

error’. Curvature correction will be stated at later chapter. After some compensation techniques, Vbe voltage is 

considered as ideal linear voltage with temperature. Bandgap reference is generated by adding Vbe voltage(CTAT) 

and the amplified ∆Vbe voltage(PTAT). 
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Figure 4.1 Overall temperature measurement graph 

 

Vref =  𝑉𝑏𝑒 + α∆Vbe 

The ratio α makes the temperature coefficient of bandgap reference ‘zero’. It makes PTAT voltage and CTAT 

voltage opposite slope. 

α = −
𝜕𝑉𝑏𝑒

𝜕𝑇
×

𝑞

𝑘𝑙𝑛(𝑝𝑟)
 

If the emitter area ratio ‘r’ and bias current ratio ‘p’ are selected, the ratio α is calculated. If ‘pr’ ratio is about 

3~16, the ratio α will be between 8 and 20. 

 With reference voltage(Vref) and the amplified PTAT voltage(α∆Vbe), the digital temperature number will be 

represented from ADC. Many types of ADC can be utilized. Sigma-delta is the most frequently used ADC in 

CMOS smart temperature sensor. ADC output from Vref and Vptat is represented as μ. 

μ =
𝑉𝑝𝑡𝑎𝑡

𝑉𝑟𝑒𝑓
=

α∆Vbe

𝑉𝑏𝑒 + α∆Vbe
 

 



14 

 

 0

1.2

600

Temperature (K)

V
o
lt
a
g
e
 (
V
)

Vref = Vbe + Vptat

α  Vbe

Operating range

2α  Vbe-Vbe

3
0
%

9
0
%

R
a
ti
o
 (
µ
)

 

Figure 2.2 Temperature measurement with different slope 
 

The ratio μ increases if temperature increases because Vref is temperature independent and Vptat has positive 

temperature tendency. μ  will have positive temperature coefficient. With two constants A, B temperature 

information can be measured. A is about 600K(μ increases from 0 to 1), and B is about -273K. 

Dout = A × μ + B 

Conventional measurement method contains 30% of total range. Because of that, ADC resolution burden will 

increase. If we change the ‘μ′ equation differently, we can widen the operating range. If we modify the equation 

into 

μ =
2α∆Vbe − Vbe

𝑉𝑏𝑒 + α∆Vbe
 

Range will be widen from 30% to 90%, so we can reduce the burden of ADC resolution. However, this equation 

can be error source which comes from Vbe. The reason why we use amplified PTAT voltage is that PTAT voltage 

has better performance than CTAT voltage in linearity. However, the modified equation contains Vbe term. So 

non-linearity can be included in the slope.  
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2.2 Temperature measurement without bandgap 

 

Figure 2.3 X graph with temperature change 

 

 

Figure 2.4 Mhu graph with temperature change 

 

Conventional method is the fundamental measurement method. The composed circuit needs a circuit 

that generate bandgap reference, and amplifying circuit for PTAT voltage. It can be a burden in analog 

stage. There are efforts to reduce the burden at the analog stage. Adjusting α digitally can be a 

alternative method. Error caused by incorrect α  can be calibrated easily at the back stage. New 

parameter X is measured.  

X =
𝑉𝑏𝑒

∆𝑉𝑏𝑒
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This function is non-linear function of temperature, which varies from 7 to 24 (-40℃~125℃) if the 

current bias ratio is 5. It is non-linear function so this parameter cannot be converted into temperature 

rightly. However, μ value can be derived from X. 

μ =  
α∆Vbe

𝑉𝑏𝑒 + α∆Vbe
=  

α

α + X
 

Because of this method, amplified PTAT voltage and CTAT voltage don’t need to be added in the 

circuit. Its procedure is shifted from analog to digital. It reduces power consumption, circuit complexity, 

and total area. 

Constant α is immune to process spread because α is implemented at the back stage. We can correct the 

error by adjusting α at the digital domain. This idea simplifies the circuit burden. Discussion about digitally α 

correction will be discussed more at the later chapters. 
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Chapter 3. Proposed circuit design 

 

Before explaining about the proposed circuit design, 3 previous works will be discussed. These papers 

gave the idea. Temperature does not have to be very accurate. In the state of art, inaccuracy of ±0.1℃ 

temperature sensor is shown. Trade-off happens. With that accuracy, we have to give up power and 

simplicity. For that issue, I tried to make temperature sensor with low power, small area, and moderate 

accuracy. 

At the next section, bias circuit will be discussed. In this section, various error sources will be 

discussed and the compensation technique will also be explained. After that, the readout circuit will be 

explained. 

 

3.1 Previous works 

 

3.1.1 CMOS temperature sensor with delta-sigma ADC 

Paper’s title is ‘A CMOS Smart Temperature Sensor With a 3𝜎 Inaccuracy of ±0.1℃ From −55 

℃ to 125℃‘. This paper is published at JSSC 2005. Its bias block is ordinary. However, 2nd order 

delta-sigma ADC is utilized as readout circuit. Because of that, 2 amplifiers will be added so power and 

the complexity will increase. 

 

Figure 3.1 Block diagram of temperature sensor 

 

Figure 3.1 represents the block diagram. From bipolar core, PTAT and CTAT voltage is read with delta-

sigma ADC. Chip’s total area is 4.5𝑚𝑚2, and the readout circuit is bigger than bias circuit. This 

temperature sensor’s pros is that it has very high accuracy. However, power consumption and area 

increases and the complexity of readout stage increases. 
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filter

Σ  ADC

Dout
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3.1.2 CMOS temperature sensor with duty cycle modulated output 

Second paper’s title is ‘A BJT-Based CMOS Temperature Sensor with a 3.6𝑝𝐽 ∙ 𝐾2-Resolution FOM’. 

It is published at ISSCC 2014. Its readout circuit is based on relaxation oscillator. Its principle is 

measuring duty cycle of output pulse. At the integration capacitor, PTAT current is charging and the 

CTAT current is discharging. Adjusting the amount of current ratio, the duty cycle information will give 

temperature.  

 

 
Figure 3.2 Overall schematic of temperature sensor 

 

Figure 3.2 represents the overall schematic of temperature sensor based on relaxation oscillator. As 

you can see, OP1 is used for biasing PTAT current and OP2 is used for biasing CTAT current. Chopping 

is utilized to compensate the offset. By using Schmitt trigger for the comparator, the duty will be 

measured. 

This paper’s pros is that readout is simpler than previous paper. Output pulse is used as inner clock 

signal for chopping and Dynamic Element Matching. However, it has cons. Integration voltage is 

discharged with CTAT current so CTAT current generation circuit is needed. The comparator offset is 

not cancelled. 
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3.1.3 RC oscillator with comparator offset cancellation 

 

The last paper’s title is ‘An RC oscillator with comparator offset cancellation’. It is published at JSSC 

2016. It is not temperature sensor paper but relaxation oscillator paper. Its structure is simple. Two 

capacitor integrates voltage sequentially comparing with resistor reference voltage. During the 

operation, the first phase adds the offset and the second phase subtracts offset.  

 

 

Figure 3.3 Circuit schematic of relaxation oscillator with offset cancellation 

 

 

Figure 3.3 is about circuit schematic and figure 3.4 is about the operation. Output pulse signal is 

utilized as switch controller. This circuit can cancel offset and the reset time is not needed. Conventional 

oscillator has only one capacitor so reset time delay can be error source. However, 2 capacitors are 

integrated so the area will be doubled. Switch can also be error source. 
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Figure 3.4 Oscillator operation 
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3.2 Biasing circuit 

3.2.1 Temperature sensor core type 

 

 
Figure 3.5 Temperature sensor core type table 
 

For sensing temperature, electrical information must have temperature dependence. Using this 

temperature dependence, temperature can be measured. Passive devices like thermistor, MOSFET, BJT 

contain temperature dependence, so it can be utilized as temperature sensor core. 

Figure 3.5 represents the well-known temperature sensor core and its characteristic. Thermistor has 

good performance in power, but linearity, accuracy, range, and area performance is bad. Resistor area 

occupation is large and needs many calibration points. It is not proper with accurate temperature sensor. 

MOSFET core type temperature sensor is used for low power. Its subthreshold region is operated to 

measure temperature, so power will be low. However, its accuracy, linearity and range are poor. For 

accuracy, BJT core type is mostly utilized. Its power performance is not good, but other performances 

are better than MOSFET and thermistor. For less calibration and accurate sensing, BJT is utilized as 

temperature sensor core. 
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3.2.2 How to generate PTAT current and CTAT voltage 

  

To measure the temperature, this temperature sensor requires CTAT voltage and PTAT current. Their 

values are temperature dependent. CTAT voltage is utilized as reference voltage. Conventional 

temperature sensor compares bandgap reference with PTAT voltage. Bandgap reference is temperature 

independent and PTAT voltage is temperature dependent. However, this temperature sensor’s reference 

voltage is changed with temperature change. It sounds strange, but temperature can be measured with 

this method. Measuring accurate temperature is accomplished with accurate circuit. In the bias circuit, 

there are many things that can generate errors. First, analyze how bias circuit is formed and see how 

errors can be made. 

 
Figure 3.6 Conventional bias circuit of temperature sensor  

 

Figure 3.6 represents the conventional bias circuit. It is composed of PNPs, resistor, amplifier, and 

current sources. If we bias two pnps with different current ratios, Vbe voltage will be generated. The 

difference will be utilized as PTAT voltage. There are two ways to generate PTAT voltage. By adjusting 

two different current ratio or emitter areas of two pnps, ∆Vbe slope will be determined. 

` I 7I

Vbe2

Vbe1

Vbe2

Rbias

I



22 

 

Vbe2 − Vbe1 =  
𝑘𝑇

𝑞
ln (p) 

 K, q and p are temperature independent constants and T is temperature, so it is linearly temperature 

dependent. By negative feedback, the negative input of amplifier will be Vbe2. As a result, the voltage 

on the resistor is Vbe2 − Vbe1. By ohm’s law, the PTAT current will be generated.  

𝐼𝑃𝑇𝐴𝑇 =  
Vbe2 − Vbe1

𝑅𝑏𝑖𝑎𝑠
 

 This PTAT current will be used as integration current and CTAT biasing current. We also need one 

more PNP to generate reference CTAT voltage. CTAT voltage which is generated from PNP with PTAT 

current shows better performance in linearity. The bias current which has temperature dependence can 

reduce the curvature of CTAT voltage. As a result, PTAT current is used for integration current in 

relaxation oscillator and biasing CTAT voltage. 

 This bias circuit contains many error sources. First, current source error. Current sources can have 

mismatch, so the mismatch error will give the temperature error. Not only mismatch but also finite 

output impedance can limit the accuracy. 

 If we consider the resistor which is utilized for generating current, resistor also can be error source. 

Resistor has its own temperature coefficient, so current will be affected. Its effect must be compensated. 

 Amplifier offset can generate wrong PTAT current. Offset can be 1~10mV at the MOSFET. Offset can 

be added or subtracted so it can change the bias current, and it is temperature dependent, so it can give 

wrong information.  

 Finally, PNP’s current gain β non-ideality can make error. Current gain is changed with the amount 

of bias current. We use different current ratios, so its difference makes different current gain. 

 There are many types of error from bias circuit, and next chapter will describe how these errors can 

be cancelled or compensated by various techniques. 
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3.2.3 Various error reduction techniques 

 

 
Figure 3.7 Various error sources and methods for the compensation 
 

 The above figure 3.7 makes up the components for the oscillation and its error source and the methods 

to compensate or cancel errors. For oscillation, PTAT current and CTAT voltage are required. Errors 

can be divided into two types. First, current mismatch, finite output impedance, resistor TC, and offset 

voltage can change the PTAT current. Second, current gain, PTAT spread, and non-ideality of PNP can 

change the CTAT current. Each solution is mentioned at the next column. 
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Figure 3.8 Modified bias circuit to reduce errors  

 

Figure 3.8 is the modified bias circuit to reduce errors. Some techniques are not described at the figure. 

Current sources are cascoded so its impedanace increases. DEM(Dynamic Element Technique) is 

implemented to be more accurate. 

 

 

Figure 3.9 Dynamic Element Matching to bias 4:1 current ratio 

D1 D2 D3 D4 D5 D1 D2 D3 D4 D5
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Figure 3.10 Timing diagram for DEM switches 

 

Figure 3.8 is the modified bias circuit to reduce errors. Some techniques are not described at the figure. 

Current sources are cascoded so its impedanace increases. DEM(Dynamic Element Technique) is 

implemented to be more accurate. Figure 3.9 and 3.10 describes DEM. For simplicity, figure describes 

DEM for ratio 4:1. Each path will be changed with discrete output signal. The left path current will be 

4I and the right path current will I. Mismatch errors will be compensated with multiple sampling. For 

4:1 DEM, 5 timing will be minimum phases. It can be utilized in discrete system. Each current source 

has mismatch errors, but it will be averaged by 5 combinations. Readout circuit’s output is pulse wave, 

so DEM can be applied in this schematic. 

Chopping is integrated in the bias circuit, so offset will be included and excluded with the phases. As 

a result, offset will be cancelled. More explanation about offset cancellation will be discussed at next 

section. 

.  
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Figure 3.11 composite resistor used for zero TC 

  

 Resistor is also modified to composite resistor. Figure 3.10 describes the composite resistor. The series 

and parallel composite are both used. This connection will reduce the TC variation caused by sheet 

resistance variation. Two kinds of resistors are used. Rnppoly and Rnpdiff resistor. Current ratio is 7:1 

and the resistor at room temperature is 120k at room temperature. As a result, unit bias current at room 

temperature is 420nA. 

Various mentioned techniques are utilized to reduce bias circuit errors. These techniques are also 

included in the conventional temperature sensor core. By this techniques, more accurate PTAT current 

will be defined. CTAT voltage biasing with PTAT voltage will have less curvature, so this PTAT current 

is utilized for biasing CTAT voltage and for integration. 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

A type : Rnppoly 

B type : Rnpdiff 
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3.3 Readout circuit 

3.3.1 Circuit operation 

 

 
Figure 3.12 Conventional relaxation oscillator and its operation 

  

Conventional temperature sensor’s readout circuit is ADC. There are many types of ADC. However, 

delta-sigma ADC is mostly utilized in temperature sensor. Temperature measurement doesn’t need high 

speed, and delta-sigma ADC’s resolution is high. However, it integrates many amplifier so its power 

consumption will be high. Not only power but also area will increase. My target was to reduce the area 

and power of the readout circuit and measure the temperature simply. That’s why proposed temperature 

sensor’s readout circuit is composed of relaxation oscillator. 

Before discussing about readout circuit, we need to know the error sources of the relaxation oscillator. 

Figure 3.11 illustrates about the conventional relaxation oscillator. One node is connected with the 

reference voltage and the other node is connected with the capacitor. Current flows through the capacitor 

so its voltage will increase. When comparator is toggled, the capacitor will be reset its voltage. It repeats 

this operation so oscillation is performed. 

 

 

Figure 3.13 Oscillation error by delays 
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This operation can contain some error sources. Figure 3.12 describes the oscillation error by delays. 

First, comparator has its own delay, so the integration voltage will slightly higher than the reference 

voltage. Second, the capacitor reset time will be needed. Its time will be very short, but It can cause 

error. 

 

 

Figure 3.14 Oscillation error by offset 

 

Figure 3.13 is about the offset error. Offset voltage of the comparator will change the reference voltage 

or integration voltage. The above figure includes the changed reference voltage so the oscillation period 

will include error. For measuring accurate temperature, mentioned errors must be compensated or 

cancelled, so readout operation contains some techniques to measure more accurate period. 

 

 

Figure 3.15 Overall readout circuit 
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Figure 3.14 illustrates the overall readout circuit. First, PTAT current made by bias circuit flows to 

BJT to generate Vbe voltage. Vbe voltage will be utilized as reference voltage. By switching operation, 

oscillation will be performed. It has ‘va’ and ‘vb’ signal. They are complementary signals and formed 

by output pulse of oscillation. When ‘va’ is on and ‘vb’ is off, the negative input of comparator is Vbe 

and positive input of comparator is ‘up’ node. When ‘va’ is off and ‘vb’ is on, negative input of 

comparator is ‘down’ node and the positive input of comparator is grounded. 

 

 

Figure 3.16 Readout operation  
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Figure 3.17 Waveform of the comparison nodes 

 

Figure 3.15 is about the two phases of oscillation. At the first phase, ‘va’ is on and ‘vb’ is off. Reference 

voltage will be CTAT voltage and the capacitor is integrated from ground to CTAT voltage. When the 

comparator toggles, the second phase will be started. 

At the second phase, ‘va’ is off and ‘vb’ is on. Capacitor flips so the initial voltage will be –Vbe. It 

will be integrated from –Vbe to ground. As a result, each phase’s integration time will be same 

theoretically. Figure 3.16 describes the waveform of the nodes deeply.  

 

 

 

 

 

 

 

T T T T

Vbe

-Vbe

Vbe

-Vbe

V+

V-

Vo



31 

 

3.3.2 Conversion from period to temperature 

 

At the previous section, the readout circuit operation is explained. The first phase of the integration is 

from ground to Vbe and the second phase of the integration is from –Vbe to ground. Ideally, it has same 

time and there is no reason to flip the capacitor. At the next section will explain why capacitor flips and 

now, the conversion method will be explained. 

 

𝑄 = 𝐶 × 𝑉 = 𝐼 × 𝑡   

𝑉+ =  
𝐼 ×𝑡

𝐶
  (t is proportional to V) 

𝑉− = 𝑉𝐵𝐸   

 

Above equations describe the first phase of figure 3.15. Its capacitor is integrated from ground to Vbe. 

The integration time is proportional to the capacitor voltage if the capacitor size and the amount of 

current does not change. Negative input of comparator is Vbe and the positive input of comparator is 

integration node, so the time will be represented as 
𝐼×𝑡

𝐶
. 

 

𝑄 = 𝐶 × 𝑉 = 𝐼 × 𝑡 →   

𝑉− = −𝑉𝐵𝐸 + 
𝐼 ×𝑡

𝐶
  (t is proportional to V) 

𝑉+ = 𝐺𝑁𝐷  

 

Similarly, the second phase of the operation will follow the above equations. Its integration starts from 

–Vbe and end at the ground. At chapter 2, temperature measurement without bandgap reference is 

discussed. With the PTAT voltage and the CTAT voltage ratio, temperature can be measured. In this 

readout circuit, the integration time includes this term. 

 

𝑄 = 𝐶 × 𝑉 = 𝐼 × 𝑡 → 𝐶 × 𝑉𝐵𝐸 =  
∆𝑉𝐵𝐸

𝑅
× 𝑡  

𝑡 =  
𝐶×𝑉𝐵𝐸×𝑅

∆𝑉𝐵𝐸
 →  

𝛼∆𝑉𝐵𝐸

𝑉𝐵𝐸+𝛼∆𝑉𝐵𝐸
=  𝜇  

𝑉𝐵𝐸

∆𝑉𝐵𝐸
= 𝑋 →  

𝛼

𝑋+𝛼
=  𝜇  

 
𝑡

𝐶×𝑅
= 𝑋 →  

𝛼
𝑡

𝐶×𝑅
+𝛼

=  
𝑪×𝑹×𝜶

𝒕+𝑪×𝑹×𝜶
  

 

If we follow the above equations, temperature is defined as 
𝐶×𝑉𝐵𝐸×𝑅

∆𝑉𝐵𝐸
 . Capacitor and resistor values 

are constant so it will be affected by PTAT and CTAT voltage. X is the parameter which is used for 
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measuring temperature, and X can be represented as time, so the period contains the temperature 

information. 

One more important thing is that we can correct the passive device error. Capacitor and resistor can be 

varied. If these values change, the measured time will be converted to X wrongly. However, ‘Mhu’ 

value is converted from X with 𝛼. That means, if we add 𝛼 at the digital backend, errors can be 

corrected with optimized 𝛼. Implement 𝛼 term at the digital backend can achieve simplicity of the 

circuit. Error corrections can be achieved as well as the simplicity.  

 

3.3.3 Offset cancellation with capacitor flipping 

 

Capacitor flipping is done to cancel the offset error. Offset voltage of comparator can give wrong 

period. If the offset voltage remains constant, we don’t have to consider the offset voltage. However, it 

is changed with the temperature change, so it will be affected differently with temperature change. 

That’s why offset cancellation is necessary for this system. 

 

  

Figure 3.18 Oscillation operation with offset voltage modeling 

 

+

Vc

-

-

Vc

+



33 

 

 

Figure 3.19 Waveform of the comparison nodes with offset voltage modeling 

 

 Offset voltage modeling is described at figure 3.17. At the negative input of the comparator, offset 

voltage is modeled. Figure 3.17 is the figure 3.16’s waveform. At the first phase of the first oscillation, 

the voltage is integrated from ground to Vbe+Vos, so the period will increase. Then, capacitor flips so 

the integrated voltage is –(Vbe+Vos). From that voltage, it starts integration. 

Now, the reference voltage is –Vbe. Then it will perform integration from –(Vbe+Vos) to –Vos. That 

means the real integration time will be same as the second phase. The remained voltage is –Vos after 

the second phase. Then, capacitor flips again and starts integration from +Vos to Vbe+Vos again. This 

operation’s integration time is also same with the period of the first phase. As a result, the offset is 

cancelled with this capacitor flipping. 
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3.4 Other considerations 

 

  

Figure 3.20 Overall readout circuit with some considerations 

 

Previous sections of this chapter explains about the operation of the readout circuit and the conversion 

method from period of time and how offset cancellation is performed. From this section, the other minor 

considerations will be discussed. 

First, integration capacitor’s accuracy is important. It is directly connected with the comparator input, 

so the charge sharing will make the wrong integration voltage. We cannot fully eliminate the parasitic 

capacitance by the input MOSFET of the comparator, so we need to increase the size of the capacitor. 

There is one more issue with integration capacitor. Capacitor flips with the phase change, so the current 

flow direction is reversed. Parasitic capacitance shown through top plate and bottom plate needs to be 

same so careful layout is needed. As figure 3.19, unit capacitor is composed of two capacitors. They are 

reversing each other so the mismatch of the parasitic capacitance between top plate and the bottom plate 

will be reduced. 

Second, during the simulation the output pulse is destroyed with the glitch. When the temperature is 

high, delay will be changed. Because of the delay change, the complementary clocks will overlap each 

other so the problem will be happened. To overcome this issue, Schmitt trigger after comparator is 

connected. It is inverter based Schmitt trigger so it can catch the glitch. 

Finally, the switch signal must be changed from ground to VDD. When the capacitor flips, the 

integration voltage is –Vbe. Then, the turn off switch will not fully turn off because the Vgs voltage is 

not zero when the gate voltage is ground. As a result, bootstrapping circuit is needed. It doubles the 

switching voltage from ‘GND~VDD’ to ‘-VDD~+VDD’. It blocks the switch from tuning on by the 

negative integration voltage. 

These issues can give wrong period, so it looks like minor but it must be resolved carefully. Capacitor 

flipping cancels the offset voltage error and the reset delay. We don’t have to reset the capacitor because 
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the voltage is remained. The rest error of the relaxation oscillator is the comparator delay. Actually, 

proposed circuit does not contain comparator delay cancellation technique. However, we don’t have to 

care about this error if the period is not short. The delay time unit is known as ‘pico’ seconds. If the 

oscillation period is ‘micro’ unit, delay change looks very tiny so we don’t have to consider delay. 

Finally, we can achieve the accurate periods. With this period, accurate temperature can be measured. 
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Chapter 4. Measurement results 

 

 

4.1 Design specification 

 

Figure 4.1 Chip micrograph 

 

Proposed sensor specification 

Technology 0.11m 

Chip area 0.05mm2 

Supply voltage 1.6-2.1V 

Supply current 18A 

Temperature 

range 
-40~80C 

Inaccuracy 0.6C 

Figure 4.2 Specification table 

Bias circuit 

Capacitor 

BJT 

Resistors 

Digital circuit 
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4.2 Simulation results 

Using Cadence program, temperature sensor chip is completed. It is composed of 3 stages. Bias stage, 

readout stage, counter stage. Previous tape-out was done about 1 year ago. At that time, only bias stage 

was completed. At first, I’d like to connect my bias stage with SAR ADC made by our lab member. Its 

original purpose is for bio sensor. It does differential conversion, so it was hard to connect with bias 

circuit. It failed and I tried to build my own readout circuit and I did it. 

 

 

Figure 4.3 Output waveform of the readout operation 

 

Figure 4.1 represents the operation of readout circuit. The top waveform represents negative input 

node of comparator, middle waveform represents positive input node of comparator, and bottom 

waveform represents the output pulse of comparator. As I expected, it operated correctly. At the first 

phase, Vbe voltage is compared with the integration node which increases from ground to Vbe. At the 

second phase, capacitor is flipping so the initial voltage is –Vbe. It starts integration from –Vbe to 

ground. With this flipping operation, offset is fully cancelled. Using the counter at the back stage, the 

pulse is counted during the chosen time. Then, temperature will be given with some mathematical 

conversions. 
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Figure 4.4 Output pulse with temperature change 

 

Figure 5.2 represents the output pulse waveform with temperature change. First target range was 

−40~125℃ . If the operation is considered, pulse will be shorter when temperature increases. 

Reference voltage is CTAT voltage and the integration current is PTAT current. As temperature goes up, 

current will increase and CTAT voltage will decrease. As a result, the output periods will decrease and 

give us the temperature information. Figure includes 5 waveform. Each temperature is 

−40, 12.5, 42.5, 83.75, 125℃ . 5 temperatures are chosen. From −40℃  to 125℃ , the operating 

frequency is about 20~60kHz. It is not much fast speed, so we don’t need to consider the error caused 

by comparator delay. 

Delay also can be dependent with temperature. At high VDD, mobility dominates the delay, and at 

low VDD, threshold variation dominates delay. As a result, Delay is proportional with temperature if 

VDD is high and inverse-proportional with VDD if VDD is low. However, delay is pico units, and as I 

mentioned, the output frequency is about 20~60kHz, so comparator can’t be a major error source of 

temperature sensor. 
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Figure 4.5 Digital conversion table 
 

After frequency is measured, period information will be converted to digitized temperature 

information. Figure 4.3 is a conversion table from period to temperature. At the simulation, 

measurement with counter is hard so 4 periods are measured. With that 4 period, average period is 

used. Finally, the last column values represent the temperature error. 

 

 

Figure 4.6 Temperature error graph 
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Figure 4.4 is the temperature error graph which is derived from Figure 4.3 table. Its operation range 

is −40~125℃ and the error is about ±0.5℃. This error will be compared with the measurement 

error later. The curvature is observed in the graph. There can be some reasons, but main two reason is 

because of the BJT and resistor. BJT has its curvature. With PTAT current biasing, curvature can be 

compensated but it is not enough. Resistor can cause curvature. Zero TC resistor is integrated, but its 

second order TC is not considered. This curvature is broadly observed among the BJT based 

temperature sensor. 

 

 

4.3 Measurement results with optimizing 𝛂 

 

At the previous section, the simulation results and the expected errors and tendency are shown. After 

tape-out, and measurement is done. The measurement principle without bandgap reference will be 

shown. 

 

 

Figure 4.7 X(
𝑽𝒃𝒆

∆𝑽𝒃𝒆
) values with temperature change 
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Figure 4.8 Mhu values with temperature change 

 

Figure 4.5 represents the X value with temperature change. At the bias stage, current ratio is 7:1. 

With that ratio, 
𝑽𝒃𝒆

∆𝑽𝒃𝒆
 ratio will be from 6~19 at −40~125℃ . The X value cannot be changed. 

However, for linearizing X, α can be a designer’s choice. Using α, the linearization equation can be 

changed so total error will change too. At the simulation, the optimized α was 12.5. The pros of this 

measurement principle is that the errors can be compensated by adjusting α. For example, Errors can 

be caused by capacitor spread or sheet resistance variation. Temperature circuit’s composite resistor is 

120K ohm, and the capacitor is 20pF. If real values are different with expectation, errors can be 

represented in digitized temperature. However, with α adjustment, this error can be compensated. 

With α adjustment at the back stage, bias circuit becomes simpler, and the error source can be 

compensated. 
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Figure 4.9 Temperature measurement with full range 

 

After α optimization, the overall temperature will be measured as Figure 4.7. Its slope seems like 

linear from −40~125℃. For checking exact errors, temperature error graph will be shown. 

 

 
Figure 4.10 Measurement temperature error 
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Figure 4.8 represents temperature error with full range. At the simulation, total range was 

−40~125℃. At high temperature, the readout circuit does not operate completely. Glitch is measured, 

so the counter cannot measure exact period. 

However, the errors from −40~80℃  is measured well. Its inaccuracy is about ±0.6℃ . The 

optimized α is 9.7. After mhu is calculated, the linearization constant A and B also need to be selected. 

At this measurement, A is 637 and B is -253. 

At the simulation, inaccuracy is about ±0.5℃ and the measurement inaccuracy  is about ±0.6℃. 

The difference is not considerable. However, if we think about this difference, 2 factors can be a cause. 

First, resistor is not exact zero temperature coefficient resistor. Resistors have second-order TC, and 

sheet resistance variation can generate error. BJT non-linearity can also be a error source. There is one 

more factor. In simulation, optimized α is the 2nd digit after decimal point number. However, at the 

measurement, optimized α is the 1st digit after decimal point number, so error will be worse at the 

measurement. 
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Chapter 5. Conclusions and further works 

 

5.1 Comparison table 

 

 

Figure 5.1 Comparison table 

 

 In comparison table, 5 temperature sensor comparisons are shown. First 2 types are BJT based sensor. 

First one is ISSCC paper and it is published at 2014. Second one is JSSC paper and it is published at 

2005. Their readout is based on relaxation oscillator and delta-sigma respectively. Its accuracy 

performance is better than mine. However, my initial target was to make power and area efficient 

temperature sensor.  

Next 2 papers are MOSFET based temperature sensor. Their readout is also based on delta sigma and 

relaxation oscillator. Proposed temperature sensor’s sensing core is BJT based so its accuracy 

performance is better than 2 previous works. In power and area, it shows similar performance. Finally, 

if we compare it with resistor based temperature sensor, it shows similar accuracy and similar power. 

However proposed temperature sensor is power efficient temperature sensor. 
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5.2 Conclusions 

 

With relaxation oscillator based readout circuit, CMOS smart temperature sensor is utilized. 

Conventional temperature sensor compares the temperature dependent voltage (Amplified PTAT 

voltage) with temperature independent voltage(Bandgap reference). However, α-implementation in the 

circuit can increase power consumption and complexity, so that’s why comparing CTAT voltage with 

PTAT voltage is considered. This method can adjust α at the back stage, so it makes circuit simpler. 

Not only simplicity but also error compensation can be given. With adjusting α, other error sources can 

be compensated. 

For simple readout circuit, relaxation oscillator based readout circuit is utilized. However, it has three 

main error sources. Comparator offset, comparator delay, and reset time. To overcome this obstacles, I 

operate the readout circuit with capacitor flipping. With this technique, offset is cancelled except for 

the first phase of the first oscillation. We don’t have to consider comparator delay because the frequency 

is slow. Conventional relaxation oscillator has only 1 capacitor, so reset time after integration can be 

error. However, this circuit doesn’t have to reset capacitor. We don’t have to use 2 capacitors for 

considering reset time. 

After measurement, the total temperature range is −40~80℃ and the inaccuracy is about ±0.6℃. 

For the error compensation at the bias circuit, DEM and chopping technique is utilized. DEM is utilized 

for reducing the current mirror mismatch and chopping is utilized for compensate the offset of 

comparator at the bias stage. These techniques need clock signals, so it can be a power burden. However, 

this temperature sensor is relaxation oscillator based so it doesn’t need output clock signal. It can be 

self-clocked. 

 

5.3 Further works 

 

 The measurement was done at March so time was too short. Additional measurements are required for 

trying paper. First, Offset cancellation effect verification is required. I have one more temperature sensor. 

Its readout structure is same with the relaxation oscillator which is mentioned at the previous chapter. 

Their bias stage is same so if it shows similar performance, offset cancellation is proved. 

 Chip variation error measurement is also required. I think chip variation error performance will be 

good because temperature sensor can be corrected digitally, but the result is needed. VDD variation 

error measurement is also necessary. 

 Building system for automation is necessary. From now, I do the measurement by hand-calculation. 

Using some functions, digitized temperature can be shown automatically. 
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